We investigate the anti-triplet and sextet heavy baryon systems with
I. INTRODUCTION
With the discovery of the Higgs Bosons, all particles within the standard model were established. However, the low energy behavior of the strong interaction remains extremely challenging due to the complicated infrared structure of quantum chromodynamics (QCD). Compared with the light mesons and baryons, the heavy flavored hadron systems containing a single heavy quark are particularly interesting. In fact, there exists the additional heavy quark spin and flavor symmetry when the heavy quark mass goes to infinity. The observables can be expanded in terms of 1/m Q where m Q is the heavy quark mass.
When the two light quarks within the ground state heavy baryon are in the flavor anti-triplet, the quantum number of the heavy baryon is J P = + . In the recent years, many charmed and bottomed baryons were observed experimentally [1] . On the other hand, the scattering lengths of heavy baryons with Goldstone bosons were calculated in Refs. [2, 3] . The possible deuteron-like hadronic molecular states composed of two heavy baryons were investigated in Ref. [4] . The pionic coupling constants of the heavy baryons played an important role in the above work.
In this work, we will investigate the heavy anti-triplet and sextet systems. We will calculate the chiral corrections to the heavy baryon mass and axial charge from the SU(3) flavor breaking effects by employing HBChPT. We adopt the heavy quark limit and discard all the recoil corrections. We include the corrections up to O(p 3 ) from both the strong and electromagnetic interaction. There were many references on the chiral corrections to the axial currents of the nucleon octet [5] [6] [7] [8] . We adopt the same approach to study the axial charges of the heavy baryons. This paper is organized as follows: In section 2, we introduce the effective chiral Lagrangians at the leading order. In section 3, we calculate the chiral corrections to the masses of the anti-triplet and sextet baryon systems. In section 4, we calculate the chiral corrections to the axial charges in the isospin symmetry limit. The last section is a short summary.
II. THE HBCHPT FORMALISM
The approximate chiral symmetry and its spontaneous breaking play an important role in the low energy hadron interaction. Chiral perturbation theory (ChPT) [9] provides a systematic expansion of the physical observables in terms of small momentum p and the mass of Goldstone bosons m. In fact, ChPT has been widely used to study the low-energy hadron interaction.
In the early stage, ChPT was employed to study the purely mesonic system [10, 11] . Later it was extended to discuss the baryon-meson system [5, [12] [13] [14] . At the lowest order, the couplings between the baryon and pseudoscalar mesons (π,K,η) are solely governed by chiral dynamics. With the consistent power counting scheme, one can construct the effective Lagrangians of the meson baryon system and calculate physical quantities order by order [15, 16] .
In order to deal with the heavy baryon system, the heavy baryon chiral perturbation theory (HBChPT) was developed [17] [18] [19] [20] , which provides a convenient framework to make a dual expansion in terms of both the small momentum and 1 M , where M is the heavy baryon mass. On the other hand, the infrared regularization scheme was introduced to preserve both the power counting and analyticity in the framework of the relativistic baryon ChPT [21] . In this work, we use HBChPT to investigate the heavy baryon systems.
For the heavy baryons multiplet (Qqq), only the two light quarks participate in the flavor transformation with the heavy quark Q acting as a spectator. The pseudoscalar meson fields and spin-1 2 baryon multiplets are defined as follows
The superscript T denotes the transpose in the flavor space. The pion decay constant 
where L
(1) 0
is the free part and L (1) int contains the interaction at O(p 1 ). From the quark model and flavor SU (3) symmetry, the axial coupling constants g 1 = 0.98 [2, 3] , g 1 = − 8 3 g 2 [23] . The heavy quark spin flavor symmetry leads to the following relations among these coupling constants, i.e., g 3 = √ 3 2 g 1 , g 5 = − 3 2 g 1 , g 4 = − √ 3g 2 [23] . Within the anti-triplet, the total angular momentum of the two light quarks is zero. The conservation of the angular moment and parity forbids the coupling of pseudoscalar mesons with the anti-triplet heavy baryons, hence g 6 = 0. However, we keep the g 6 -related terms in formulas till the numerical analysis.
The heavy baryon formulation of ChPT consists in an expansion in terms of , where k is the small residual component of external baryon. In the framework of HBChPT, the baryon field B is decomposed into the large (or light) component N and the small (or heavy) component H. By using the path integral theory, the small component can be integrated out. Thus, the reduced effective Lagrangian only relies on the large component [15] . There relationships are
where v µ is the on-shell velocity. For the spin-3 2 baryon, the large component is denoted as T µ . In the heavy quark limit, the nonrelativistic Lagrangian readŝ
The mass difference parameters are defined as δ 1 = M 6 − M3, δ 2 = M 6 * − M 6 . In the isospin symmetry limit, δ 1 = 126.52 MeV, δ 2 = 67.03 MeV. Here, we choose the average mass of the spin- 
III. THE HEAVY BARYON MASS
In the framework of HBChPT, the correction to the self energy of the heavy baryons from the explicit flavor SU(3) breaking terms is O(p 2 ). The one loop chiral correction appears at O(p 3 ).
A. The Counter Terms
The SU(3) flavor symmetry-breaking (SB) Lagrangian at O(p 2 ) reads
where
, s quark mass. The constant B 0 is related to the quark condensate. In the ChPT framework, the divergence from the loop diagram is absorbed by the counter terms at the same or lower orders. All the self-energy functions Σ of counter terms are listed as follows:
The lowest order loop correction is O(p 3 ) where the interaction vertex in Figure 1 arises fromL (1) . The single line represents a spin-also act as the counter terms. In our numerical analysis, the LEC's b and c are replaced by the dimensionless parameters b ′ and c ′ , which are defined in Eqs. (16)
With the experimental values of the heavy baryon masses as input [1] , we extract the values of the LEC's b ′ s and c ′ s. Fit I corresponds to the case of including the type-I loop corrections only. b We also list the contribution of the type-I loop and sum of type-I and type-II loops in the 2nd to 4th columns of Table I explicitly. The heavy baryon masses with the notation ‡ in the 4th-5th columns are the predicted values. The mass splitting between the spin-1 2 charmed baryons was also discussed in Ref. [27] .
The LEC's at O(p 2 ) were estimated in Refs. [2, 3] , where the SU(3) flavor symmetry breaking Lagrangian reads
The authors first constructed the flavor SU(4) Lagrangian. Then they reduced the SU(4) Lagrangian into the SU(3) form. In this way, they estimated the LEC's. Using the Gell-Mann-Okubo relation, the LEC's extracted in Refs. [2, 3] correspond to the following values of b's
These values are consistent with the above values extracted from fitting to experimental data in this work. The spin and flavor representation of the external and intermediate baryons may be different. Their mass splitting will contribute to the self-energy through the chiral loop. Such corrections are quite important in the nucleon octet and ∆ decuplet case. We consider three cases. Fit 3 corresponds to the case when the type-I loop correction is included with δ = 0. Fit 4 includes both types of loop corrections with δ = 0. Fit 5 corresponds to the inclusion of both types of loop corrections with δ = 0 and QED effects.
We collect the fit results Table II . Comparing the 4th column in Table I and Table II , we notice that the loop contributions are suppressed after considering the mass difference δ. On the other hand, the parameters b's and c's become slightly larger. b , e33 3 can be absorbed by c
In this case, b
. The values of e 2 (e 1 + e 2 ) and e 2 e 4 are given in Table II . The heavy baryon masses with ‡ in the 5th-7th columns are the predicted values.
In the isospin symmetry limit, the divergences from the loop diagrams can be absorbed by the LEC's (or counter term) at O(p 2 ). However, the low-energy constants at O(p 2 ) are not enough to cancel the divergences from the loop diagrams at O(p 3 ) when we consider the SU(2)-breaking corrections, which was also pointed out in Ref. [27] . Chiral symmetry ensures that the divergences will be absorbed by the counter terms at the higher order if we treat the SU(2) symmetry breaking terms as the higher order correction. In the above analysis, δ is the difference of the average mass between baryons in the different representations. In the derivation of the imaginary part of the loop diagrams, one should be cautious about the choice of δ. For example, the process Σ c → Λ + c + π is forbidden if we choose the average value: δ ΣcΛ
To avoid such a paradox, we used the experimental mass as input to calculate δ ΣcΛ + c and imaginary part of the self-energy. For all the other processes, δ takes the average value. We collect the experimental and theoretical width Γ in Table III . These values are consistent with experimental data.
IV. THE AXIAL CHARGE OF THE HEAVY BARYON
The baryon axial charge is a very important physical observable, which can be measured through semileptonic decays. In this section, we will explore the chiral corrections to the axial charges g 1 to g 6 in Eq. (4) . At the leading order, the axial currents are determined by chiral symmetry entirely. At O(p 2 ), the loop contributions arise from the vertex correction and wave function renormalization while the correction from the chiral connection vanishes in the heavy quark limit M c → ∞.
A. The Axial Currents
The axial currents at the tree level can be obtained from the Eq. (5). With the external source r µ , l µ in Eqs. (12) and (14) r
where λ a is the Gell-Mann generator in the flavor space, the difference of the chiral currents R a,µ and L a,µ leads to the axial current
The axial currents arising from the chiral connection and O(p) interaction terms are
The lowest order axial charges arising from the g 1 − g 5 terms of the sextet and anti-triplet are collected in Table IV , where we only list the channels allowing the semileptonic decays.
contributes to the O(p 2 ) corrections to the axial current. Moreover, these new vertices will cancel the infinity from the loop corrections. 
(ij) at the tree level.
The axial charges g
(ij) in terms of the coefficients d, f, h are listed in Table V . The renormalized matrix elements of the axial currents can be written as (2) (ij) from the counter terms.
The vertex correction diagram (a) can be classified into three or four different types according to the Lorentz structure in the loop integrals, which are displayed in Fig. 3-7 in Appendix VI A. For the vertex corrections to the axial charges g 1 and g 2 , type I denotes the case that only the spin- With the contraction formulae between the spin projection operator P 3 2
(33)µν , Pauli-Lubanski vector S µ and the metric g µν listed in Appendix VI D, we obtain the expressions of the axial currents from the vertex correction diagram (a).
The parameters a, b arises from the loop integration with the dimensional regularization scheme. The coefficients g a (ij)
are listed in Table VIII-XII while 
where the function I(m) is defined in Appendix VI C. The corresponding coefficients g b (ij) are collected in Table XIII . The loop corrections from diagrams (c) and (d) vanish in the heavy baryon limit M B → ∞. Their contributions are of higher order in the 1 MB expansion. The analogous situation occurs in the nucleon octet case. Interested readers may refer to Refs. [7, 8] .
C. The Wave function Renormalization
The composite axial current operator also receives the correction from the wave function renormalization [28] . The renormalization factor can be derived from the self-energy function
The matrix elements of the renormalized axial current between the initial and final states read
ij is the axial charge at the tree level. The coefficients λ ij are collected in Table XIV -XVIII. Comparing with Eqs. (24)- (26), we have g
The function J is defined in Appendix VI C
D. Numerical Results of the Chiral Correction to the Axial Charge
In principle, the axial charges of the heavy baryons can be extracted from the measurement of their semileptonic decays. However, there does not exist any experimental data now. The lack of the data renders the determination of the low energy constants d, f, h etc very difficult. In Ref. [4] , the authors calculated the pseudoscalar couplings of the heavy baryons. Within the framework of the chiral quark model, both the pseudoscalar couplings of the nucleons and heavy baryons can be expressed in terms of the pseudoscalar couplings of the constituent quarks. Since there exist plenty of nucleon nucleon scattering data, the pseudoscalar couplings of the nucleons can be determined very well experimentally. With the pion nucleon coupling as input, the authors first extracted the pseudoscalar couplings of the constituent quarks, and then determined the pseudoscalar couplings of the heavy baryons [4] . The axial charges are related to the coupling constants g pBB
From the values listed in Ref. 
In our numerical analysis we also need the values of the axial charges at O(p) g Table  VI . We also list the separate contributions from the vertex correction and wave function renormalization.
The 2nd column in Table VI We have calculated the flavor SU(3) breaking chiral corrections to the axial charges of the heavy baryons in the exact isospin limit. We notice that the divergences from diagram (a) for the flavor structure (1+i2) can be absorbed by the counter terms completely. In contrast, the divergences from diagram (a) for the flavor structure (4+i5) can not be absorbed by the counter terms completely with the explicit SU(3) breaking. Only in the exact SU(3) flavor symmetry limit, both divergence can be absorbed by the counter terms.
For example, let's consider the axial current A The axial currents between two sextet representations or two octet representations do not suffer from the above such problems. The same situation occurs to the wave function renormalization. However, once again, the chiral symmetry ensures that the divergences can be absorbed into the higher order counter terms if the SU(3)-breaking terms are regarded as higher order.
V. SUMMARY
In short summary, we have calculated the one-loop chiral corrections to the masses and axial charges of the charmed anti-triplet and sextet heavy baryon systems in the HBChPT framework.
We have systematically considered the mass splitting of the heavy baryons due to the explicit SU(3) breaking, up and down quark mass difference, and QED effects. The resulting charmed baryon masses and decay widths are in good agreement with experimental data.
We have calculated the chiral loop contributions from the vertex corrections and wave function renormalization to the axial charges of the heavy baryons in the isospin symmetry limit but with explicit SU(3) breaking. The convergence of the chiral expansion is quite good. In the future, the axial charges of the heavy baryons may be measured through their semileptonic decays experimentally. The axial charges play an important role in the study of the loosely bound molecular states composed of two heavy baryons.
Hopefully the expressions of the chiral loop corrections to the masses and axial charges of the heavy baryons will be useful in the chiral extrapolation of the lattice simulation data of these two quantities where the pion mass on the lattice is larger than its experimental value. Tables   TABLE VII: The coefficients C in the self-energy function.
case I meson loop case II meson loop 
When the masses of the two baryons in diagram (a) are different, we define the integrals
The relation between F and J is {F, F µ , F µν } = − 1 ω 1 − ω 2 {J(ω 1 ) − J(ω 2 ), J µ (ω 1 ) − J µ (ω 2 ), J µν (ω 1 ) − J µν (ω 2 )} (37)
Especially, for the second-order tensor formula, F αβ and L αβ can be expressed as a sum of the two Lorentz structure. The Pauli-Lubanski vector S µ and projection operator P (33)µν are defined as follows
In the calculation of the loop correction of the self-energy function and axial charges, the following formulae are very useful.
